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CHAPTER I
Introduction
A wide variety of assays and platforms have been developed over the years to aid in
answering a single question: how do two molecules interact with one another? This simple
question has a huge impact on our lives. Interaction assays are used in the detection of
biomarkers which indicate the possible presence of a disease such as cancer. Interaction
assays are also used to a) detect pollutants which could harm our bodies or the environment
and b) determine the mechanisms of actions between molecular or ionic binding pairs.
Interaction assays play a major role in the pharmaceutical industry, using them to determine
the performance of potential new drugs based on their affinity for a specific target as well
as to determine the drug doses that should be administered when undergoing clinical trials.
A variety of platforms have been used to study molecular interactions, including UV-
vis, fluorescence, NMR and mass spectrometry. While these techniques have their benefits,
they also have drawbacks and limitations. For instance, UV-vis or fluorescence can only be
performed on molecule which absorbance or fluorescence. In the absence of native fluores-
cence, a label must be added to one or both of the interacting species possibly impacting
the behavior of the molecule of interest and increasing the complexity of the assay. La-
bels can interfere with the binding between two partners by inducing steric hindrance or
also by blocking the binding site. These factors could greatly lower the interactions of two
suspected binding partners. By where the label is placed on a species, the observed inter-
action could be vastly different than if the label is placed somewhere else on the species.
There are also a great number of difficulties in labelling. If there is a high variability in the
labelling efficiency, it would be hard to determine the binding energy or expression level
with any real confidence. Commonly, a label is used which is fluorescent. The fluorescence
signal can be impacted by a variety of environmental factors such as temperature, pH, and
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local field intensity. Fluorescent labels are also subject to quenching and bleaching. A
false fluorescent signal can also be observed if there is nonspecific background binding
causing the labels to fluoresce, as well as autofluorescence of compounds in the matrix that
is being analyzed (1, 2). To fully understand how molecules interact, these interactions
should be interrogated without the use of labels. To address this need, numerous label-free
techniques have been developed to measure chemical interactions. These devices typically
measure the universal property of refractive index (RI).
Interestingly, the RI of a fluid can be used to measure molecules binding to one another
without the need for labels. It has been shown that factors such as a molecules conforma-
tion, charge distribution, and hydration all effect the RI of the fluid that they are contained
in. It has also been shown that RI can be impacted by molecular structure, dipole moment,
and polarizability (3–5).
I.1 Refractive Index
RI is a measure how light propagates through a medium. Specifically, the RI (n) of a
given medium is the ratio of the speed of light (c) in a vacuum compared to the speed of
light in that given medium (v) (Equation I.1). Water has an RI of n= 1.33219 which means
that light travels through water at a speed that is approximately 25% less than the speed of
light in a vacuum which has been given an index of refraction of n= 1. When entering from
one medium to another of a different RI, light is bent or refracted at an angle. The angle
and how the light will propagate when passing through the interface are defined by Snell’s
Law (Equation I.2). That the ratio of the sines of the angle of incidence, θi, and angle of
refraction, θr of incoming light are equal to the ratio of the RI of medium through which
the light is refracted, nr and the RI of the medium through which incident light travels, ni.
n=
c
v
(I.1)
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The approaches existing to quantify the RI of a material, range from simple deflection
to interferometry. Most non-interferometric approaches capitalize on the fact that when
traversing from one medium to another of a different RI, light will be bent or refracted at
an angle. The angle and how the light will propagate when passing through the interface are
defined by Snell’s Law (Equation I.2). That the ratio of the sines of the angle of incidence,
θi, and angle of refraction, θr of incoming light are equal to the ratio of the RI of medium
through which the light is refracted, nr and the RI of the medium through which incident
light travels, ni.
Figure I.1: Refraction of a ray of light
sinθr
sinθi
=
ni
nr
(I.2)
I.1.1 Environmental Factors that Impact Refractive Index
The RI of a medium is impacted by several physical properties. The major factors are
the temperature and the pressure of the sample, and the wavelength of light being used.
Both temperature and pressure have a huge impact on the matrix RI, which is important
when attempting to measure molecular interactions by detecting binding induced molecular
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dipole changes. To function in most biochemical assays, a RI sensor must be able to detect
a change of RI on the order of 10−5 RIU or lower (6). For water, at a wavelength of
632.8 nm, the dndT sensitivity is on the order of 1x10
−4 RIU per degree Celsius in the range
of 20-30◦C (7). Therefore, to perform an assay with an RI sensor the temperature must be
controlled to within a millidegree.
One approach used to mitigate temperature-induced noise is to control the detection
zone actively with a Peltier or passively with a large thermal mass. In either case the sam-
ple must come to equilibrium prior to making subsequent determinations. In this regard,
microfluidic chips serve as excellent sample holders because of their large thermal mass
which surrounds the sample fluid. Other common approaches is to measure both sample
and reference simultaneously (6, 8–13).
Pressure does not affect RI to the extent that temperature does, but it is significant.
At a temperature of 24.5◦C, the change of RI based on changes in pressure, dndbar , is ap-
proximately 1x10−5 RIU. Therefore to make measurements at the desirable level of ca.
10−6–10−7 ∆RI, the run-to-run pressure stability must be controlled to within 10 mbar.
I.1.2 Differential Refractometry
Differential refractometry is one of the most common approaches used to measure RI
of a solution. Differential measurements can take several forms, including, deflection,
interferometric, and Fresnel reflection (14). One widely used instrument features a square
flow cell which is divided diagonally, separating a sample region and a reference region.
As shown in the diagram (Figure I.2), monochromatic light passes through both regions of
the flow cell, the refracted rays are then collected by a collimating lens which directs the
rays onto the bicell photodetector. The device measures the relative RI of the reference and
sample regions of the flow cell. If they are identical, have zero difference in RI, the incident
rays of light will be equally refracted and will emerge parallel to the incident radiation.
Centering the detector on this spot, equally illuminating each side of the photodiode serves
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as the baseline, or the zero position. With proper alignment and the same fluid RI in the
cells, the difference in current between the two photodiodes will be zero. When the RI of
the sample inside of the cell changes, incident rays will be refracted causing a shift in the
position of outgoing light impinges on the detector. Since the position of the light impinged
on the detector has now changed, one photodiode is now receiving more light than the other
resulting in a difference in current which is non zero. By monitoring the changes in current,
the change in position of the refracted light can be determined and the angle of refraction
can be calculated. Knowing the RI of the reference and the angle of the incident light, the
unknown index of refraction can be calculated.
Figure I.2: Diagram of a differential refractometer
The instrument is capable of compensating for changes in temperature because the
measurement is differential in nature. Both sample and reference fluids are measured si-
multaneously. If the temperature of each fluid changes by the same amount, the RI of both
sample and reference will also change the same amount, but the difference in RI between
the sample and reference will not be affected. However, this detector is most commonly
used in HPLC systems which requires the use of active temperature control in order to min-
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imize thermal gradients in a flow cell and to avoid thermal differences between the sample
and reference fluids (15).
I.2 Interferometry
Interferometry accurately measures the RI, by determining the change in the speed of
light for waves that have been made to interact with one another. As shown by Thomas
Young’s double slit experiment (Figure I.3), when monochromatic light is passed through
two closely spaced slits the light interacts producing a series of bright fringes caused by
interference between the two sets of waves originating from each slit.
Figure I.3: Thomas Young’s double slit experiment.
Waves are sinusoidal functions, so if two sinusoidal functions have the same frequency,
amplitude, and are in phase, constructive interference occurs. The resulting function will
have the same frequency as the two separate functions, but the amplitude will be two times
greater than the amplitude of one of the original functions (Figure I.4a). If the two functions
are exactly out of phase, the interference between the two waves will produce a resultant
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function that can be both constructive and destructive. When the two waves are 180◦ dif-
ferent in phase, the resulting function will be a flat line with no amplitude (Figure I.4b).
This is the most extreme example of destructive interference.
(a) Constructive Interference
(b) Destructive Interference
Figure I.4: Interference of sinusoidal waves.
Over the years, interferometry has been the basis for a number of instruments that have
been developed for a wide variety of uses spanning many fields such as astronomy, metrol-
ogy, seismology, and biological sciences (16–22). Interferometry was first used on the
cosmic level over two centuries ago to discover why stars appear larger through a tele-
scope in comparison to other objects. It has also been used to determine the actual sizes
of objects in our solar system and beyond. Interferometry has also been useful on a much
smaller scale as a method to quantify the level of interaction between molecules, including
those which are biologically relevant.
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Interferometers are extremely useful in characterizing molecular interactions because
they do not require the use of chemical labels such as methods like luminescence. By
adding a label to one or both binding partners, the system has been inherently changed and
could easily lead to observing a binding affinity which is significantly different than the
actual binding affinity.
I.2.1 Mach-Zehnder Interferometer
The Mach-Zehnder interferometer is an evanescent-field refractive interferometer in
which light from a laser is split and guided through a separate sample and reference region
and then recombined before being detected (Figure I.5). Specifically, light from a laser
illuminates a single-mode waveguide which is then split into a sample and reference arm.
The reference arm is coated with a thin cladding while the sample arm contains a window
through which the evanescent field can interact with the sample. If there is any change in
the RI of the sample arm, such as can be caused by the binding of two different species, the
phase of the light in the sample arm will shift. The reference and sample beams are then
recombined causing interference between the light that passed through the separate arms.
The difference in RI is then correlated to the relative change in intensity of the laser light
detected by a photodiode detector (23).
Figure I.5: Diagram of a Mach-Zehnder Interferometer (23).
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This method has been able to detect RI changes as small as 7x10−6 RIU (6). The sensi-
tivity of the device is dependent upon the length of the sample window. A longer window
increases the sensitivity of the device. A hindrance to having a longer window is that it can
also require that a larger sample volume must be used (8). One of the biggest advantages
of this device is its ability to effectively compensate for temperature induced drift (9). Ini-
tial experiments demonstrative experiments showed nonspecific binding of fetal calf serum
binding to the surface of the sensor (6). The instrument has also been developed into a
multiplexing array while achieving sensitivity that compares well to commercial SPR by
using thin silicon oxide waveguides (9).
I.2.2 Young Interferometer
The Young interferometer is very similar to the Mach-Zehnder interferometer. Both
devices contain a single mode waveguide that splits into a sample and reference arm. The
difference for the Young interferometer is that the two different arms do not recombine into
a single waveguide (Figure I.6). The interference takes place as light from both waveguides
interact in the open. The interference fringes that are produced are then captured by a CCD
camera for analysis (23).
Figure I.6: Diagram of a Young Interferometer (23).
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A major advantage of the Young interferometer is that it has been able to be multi-
plexed allowing for multiple analyte concentrations to be analyzed simultaneously. The
multiplexing arrangement has achieved a sensitivity of 8.5x10−8 RIU (10).
I.2.3 Hartman Interferometer
The Hartman interferometer is also a waveguiding device, but it is much different than
both the Mach-Zehnder interferometer, and the Young interferometer. The Hartman inter-
ferometer is a planar waveguide which is patterned with lines of immobilized molecules
(Figure I.7). First, light is directed onto the waveguide by the use of a diffraction grating.
The diffraction grating is used to create a single broad beam of light which passes through
the sensing regions in parallel. The sensing regions are coated with different receptors to
create different binding and control regions. The light then passes through optics that com-
bine light from adjacent regions. The resulting interference pattern passes through a second
diffraction grating and to a detector. To detect changes in refractive index, the phase shift
of the interference patterns is measured (23).
Figure I.7: Diagram of a Hartman Interferometer (23)
The broad applications of the Hartman interferometer have been demonstrated to a great
extent including the ability to detect and measure human chorionic gonadotropin (hCG),
a hormone that is produced by some cancerous tumors, in whole blood (24). In these
experiments, the receptor, anti-hCG antibody was immobilized to the surface of the sensor.
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A clinically relevant detection limit of hCG was achieved which is tremendous for a label-
free sensor since whole blood has a much higher level of background noise when compared
to serum and buffer systems.
I.2.4 Diffraction Optics
Diffraction optics are very similar to the Hartman interferometer. Instead of using
a diffraction grating, probe molecules are immobilized onto a substrate into a pattern
which will diffract incoming light to form an interference pattern. The interference pattern
changes when sample is introduced and binding occurs. The changes of the interference
pattern are due to changes in the height of the diffraction grating and changes in refractive
index. The intensity of the refractive spots is measured using a photodetector, which allows
for any changes within the sample to be measured (23).
One of the biggest advantages to using a diffraction based sensor is that the diffraction
signal is only created when biomolecules specifically bind to a probe molecule on the
patterned substrate. Nonspecific binding to the surface of the sensor does not cause a
change in signal.
The device also has a good potential to be used in diagnostic applications. The technol-
ogy was used to detect binding of two interactions simultaneously without use of a label.
This was done by immobilizing the receptor proteins into two different patterns on the
PDMS substrate. The two proteins of interest were then introduced sequentially and the
binding observed for each pattern indicated the binding of the protein to its specific recep-
tor (25). This technology can also be used in diagnostics using multiple biomarkers and
competition assays (26, 27).
The technology has been incorporated into a commercial system called the dotLab sys-
tem by Axela Biosensors, which allows for the multiplexing of immunoassays over a wide
dynamic range.
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I.2.5 Dual Polarization Interferometry
Dual polarization interferometry is another waveguide technique used to study molec-
ular interactions (Figure I.8). Two waveguides are stacked together so they may be illu-
minated by a single laser. One waveguide acts as a sample waveguide while the other acts
as a reference waveguide. In this method the polarization of the laser is alternated so that
two polarization modes of the waveguides are excited in succession in order to modulate
the signal and increase the sensitivity of the measurement. The thickness of the adsorbed
protein layer can be calculated using information such as the polarization states and RI(23).
Figure I.8: Diagram of Dual polarization interferometer.
DPI has shown that it can measure a wide array of binding interactions over a large
molecular range and is able to measure structure and kinetics simultaneously (11, 12). Re-
cently, the technology has been commercialized and the latest development, the AnaLight
4D, has enabled the structural change measurements inside of lipid bilayers (28).
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I.2.6 Waveguide Microresonators
Waveguide microresonators use a circular configuration to achieve total internal reflec-
tion which increases the lifetime of a photon in the ring. For most other traditional waveg-
uide methods, light only makes a single pass, allowing a photon to interact only once with
an analyte of interest. A microresonator allows for a photon to have multiple interactions
with an analyte which has been adsorbed to the surface of the microresonator. Resonance
is achieved at a particular wavelength depending upon the geometry of the resonator. Res-
onance is disrupted when changes in the optical path length occur. Changes in the optical
path length are due to changes in RI caused by molecules of interest binding to the surface
of the waveguide. The greater number of passes a photon is able to circle around the mi-
croresonator leads to a higher Q factor for the device enabling greater sensitivity (8, 29–
31).
I.2.7 Surface Plasmon Resonance Interferometry
Many approaches have been used to capitalize on surface plasmon resonance (SPR),
with the Kortzman optical train being commercialized and widely used in biosensing ap-
plications. SPR is not an interferometric method, is based on detecting surface plasmons
resulting from evanescent wave sample coupling when an electromagnetic beam strikes a
metal-dielectric surface. The result is electrons at the surface of the metal are excited and
oscillate. SPR monitors changes in RI at the sensor surface due to the relative coupling
efficiency of the light, with the resonant frequency being dependent upon the RI at the sen-
sor surface. One of the molecules in the binding pair will be immobilized on the surface
of the sensor. The other molecule of the binding pair is introduced free in solution. When
binding occurs, there is a change in the RI at the surface of the sensor. At the frequency
that incident light and the surface plasmon are coupled, a resonance reflectance dip is ob-
served. Changes in the intensity of the reflected light are monitored allowing for binding
to be monitored. This method has its drawbacks in that it is difficult for the device to
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monitor interactions between molecules with low molecular weights. SPR interferometry
was developed to gain more sensitivity than traditional surface plasmon resonance (23). In
SPR interferometry, the phase of the reflected light is monitored instead of the intensity as
done in traditional measurements. Monitoring the phase gave higher sensitivity and a wide
dynamic range (32, 33).
I.2.8 Porous Si, Al, Ti Sensors
Porous sensors are developed on the principles of the Fabry-Perot interferometer within
substrates etched in thin films of silicon, aluminum, or titanium. Fabry-Perot interferom-
eters rely on interference between light which reflects off of different surfaces within the
sensor. In general, the porous film acts as an interferometer by light reflected off of the top
and bottom of the pores interfering with one another producing an interference pattern. For
applications in biology, the two surfaces may be the top and bottom interface of the sensing
layer.
Figure I.9: Diagram of a Pourous sensor (23).
This type of sensor measures the optical density, which is a product of RI and the
thickness of the layer. This technique is based on reflective interferometry. The temperature
of this device does not need to be precisely controlled because RI and the layer thickness
respond inversely to changes in temperature (34, 35). One use of this device has been to
prostate-specific antigen (PSA) by binding with PSA-antibody (36).
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I.2.9 BioCD
The biological compact disk, or BioCD for short, uses proteins which are immobilized
on a disk with a mirrored surface. This produces periodic reflective interference spectra.
As molecules bind to the immobilized capture protein, the interference pattern produced
is different. The extent of the binding that takes place is correlated with the difference
between the interference patterns produced before and after the BioCD has been incubated
with a sample (37, 38). One upside of this technology is that it can be used for multiplexing
when a scanner is used (2). A drawback of this technology is that is cannot be used for
analysis of kinetics in real time.
I.2.10 Biolayer Interferometry
Biolayer interferometry (BLI) is a technique which had been commercialized by For-
teBio. When white light is directed down the fiber optic, the reflected light interferes with
the incoming light when it travels back up the fiber optic. The interference produces a
wavelength shift that is detected by a spectrometer. In this system, capture molecules are
immobilized onto the surface of a fiber optic which is then placed into a sample well. As
analyte in the sample well binds to the capture molecules immobilized on the surface, the
reflected interference pattern reports the change in biological layer thickness at the surface
of the fiber optic. Since the signal is only measured at the surface of the fiber optic sensor,
BLI can be used in extremely crude samples which are undiluted. BLI offers real-time
kinetics data and is able to monitor binding specificity, association and dissociation rates
with both accuracy and precision.
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One major aspect of BLI is its ability to be multiplexed to run a large number of sam-
ples with a high rate of speed. BLI has been used in conjunction with 96-well and 384-well
sample plates with the ability to analyze up to 96 samples in parallel (39, 40). This de-
vice has been used for a variety of applications including hepatitis C detection using RNA
oligonucleotides (41), probing protein-liposome interactions (42), and recognizing recep-
tors on bone marrow dendritic cells which are bound with Pholiota nameko polysaccharides
(43).
I.2.11 Arrayed Imaging Reflectometry
Arrayed imaging reflectometry uses destructive interference to measure binding inter-
actions. A silicon substrate is coated with an antireflective coating. Capture molecules
are also functionalized on the surface of the substrate. When no binding occurs, incident
light is not reflected by the surface. When sample binds to the surface immobilized capture
molecules, the destructive interference properties of the surface change and incident light
is reflected. The intensity of the reflected light is proportional to the amount of the target
molecule which has been captured by the surface (23, 44).
Arrayed imaging reflectometry has been used in a variety of ways. This includes the
development of an assay to detect and quantify influenza antibodies in human serum (45).
Another use of this technology is for the detection of inflammatory biomarkers including
cytokines in the presence of bovine serum albumin or serum (46).
I.2.12 Backscattering Interferometry
Every technique which has been discussed until now has required the surface immobi-
lization of one of the molecules of interest. Surface immobilization comes at a cost which
has some of the same disadvantages that a label method also has. Surface immobiliza-
tion changes the nature of a molecule and could change the interaction between a surface
immobilized molecule and its binding partner. Like fluorescent labels, surface immobi-
lization require a great deal of knowledge of the molecule being immobilized. Depending
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on how the molecule is immobilized and where the molecule is tethered could drastically
change the interaction of the molecule with its binding partner when compared to the native
interaction in a biological system (23, 47).
Backscattering interferometry (BSI) is the first technique in which both surface immo-
bilized systems as well as systems in which both proteins of interest are free in solution
can be monitored. The technique was first developed using fused silica capillary tubing
for small volume RI measurements (48). Today, BSI is now done using glass microfluidic
chips requiring less than one microliter of sample to perform a measurement. Backscatter-
ing interferometry has been used to show that the level of binding observed in a surface-
immobilized binding system is quite different than the same system in free-solution (47).
Figure I.10: Diagram of BSI setup.
The optical train to perform backscattering interferometry is quite simple (Figure I.10).
Light from a HeNe laser is directed upon a fluid-filled, nearly semicircular channel at an
angle that is close to normal to the plane of the chip. An interference pattern is produced
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and the image of the fringe pattern is captured using a CCD linear array. As the RI of the
fluid filled changes the spatial position of the interference fringes shift. The magnitude of
the spatial shift is correlated to the difference in RI of the solutions that are measured. The
shift has been measured using two different techniques.
One method is to measure the pixel shift of the fringes using a cross correlation method.
The second method uses a fast Fourier transform to determine phase of a sample and ref-
erence interference pattern. The difference in phase between the two measurements is then
found. BSI produces a series of fringes consisting of a near single-spatial frequency. By
monitoring the phase of the dominant frequency in the phase of selected fringes produced
by a sample and reference fluid, the phase difference can be calculated. The larger the dif-
ference in phase, the larger the difference in RI between the two fluids. As discussed earlier,
binding of two proteins can change the RI of the fluid. Binding can then be correlated to
the amount of change in RI (49, 50).
BSI has been able to be used among a wide variety of matrixes including those which
have proven difficult to work in due to potential for high background noise (51–53). It also
has an advantage over techniques such as SPR because it is not mass dependent, meaning
that BSI can measure small molecules binding to large molecules which are tethered to the
sensor surface (54).
In its current configuration, BSI uses a single channel which means that a sample and
reference are measured consecutively, not simultaneously. Therefore, temperature must be
controlled throughout the experiment so that long term drift is minimized, so that variations
in temperature during an experiment do not produce a false signal, signal not generated by
a binding event.
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I.2.13 Dual Capillary Backscattering Interferometry
One form of BSI that was developed using two capillaries to make ultrasensitive RI
measurements employed simultaneous illumination of two capillaries (13). In this device
(Figure I.11), two capillaries are mounted adjacent to one another, tilted at an angle of
either +7◦ or -7◦ with respect to each other. A HeNe laser illuminates both channels at the
point of intersection, with two different interference patterns being produced by each of the
capillaries. The temperature of the capillaries is controlled using a Peltier thermoelectric
cooler.
Figure I.11: Diagram of dual capillary backscattering interferometry.
Two bicell photodetectors are used to interrogate the position of a selected fringe for
each interference pattern. The position of the fringe is measured based on the amount of
light hitting each section of the bicell. If a fringe is aligned so that 50% of the light hits
each half of the bicell, the voltage difference between the two cells is equal to zero. As
the position of the fringe moves, the voltage difference is nonzero and can be correlated to
the movement caused by a change in the RI of the fluid in the capillary. The algorithm to
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monitor the change in voltage is as follows given that A and B are corresponding voltages
from each detector.
Signal =
A−B
A+B
(I.3)
Each bicell measures the signal for each capillary independently. The difference in
signals between the two capillaries is then taken as the overall signal. With one capillary
holding sample fluid and the other holding reference fluid, a change in temperature will
cause the monitored fringe in each interference pattern to move equally. Since the two
move equally, the signal change for each capillary will be equal and the difference between
the two signals will be zero By using this approach, drift or false signal from temperature
changes is in large part eliminated allowing detection of changes in RI as low as 10−9 RIU.
I.3 Conclusion
Many types of interferometry have been used to measure molecular interactions and
other intrinsic properties. Their advantages include: high sensitivity, universality, and
label-free operation. With the exception of BSI, all interferometers require surface im-
mobilization which imparts complexity and cost. In the next chapter I present a new inter-
ferometric technique that is designed to provide compensation with a simple optical train.
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CHAPTER II
Far Field Two Channel Interferometry
II.1 Introduction
Here a novel approach to simultaneously measuring the RI of both reference and sample
fluids is reported. In far-field two channel interferometry (FF2CI), like other approaches (6,
8–13) a single laser is used to illuminate two closely spaced capillaries or channels simul-
taneously (Figure II.1). Yet in this case, the light exiting two objects (neighboring channels
or capillaries) is made to interfere. As the light exiting the objects it interferes producing
a single interference pattern is produced, which reports the difference in optical pathlength
interrogated. Since the optical train consists of two closely spaced, nearly parallel chan-
nels, it looks nominally like two slits to the incoming laser beam. Thus the outgoing fringe
pattern has a predominant frequency that is fairly uniform. The phase of this single spatial
frequency changes with the difference between the RIs of the media contained in adjacent
channels, allowing a relative measurement to be performed. This relative measurement ex-
hibits a significant level of compensation for temperature perturbations experienced by the
fluids, thus improving performance and allowing both a sample and reference solution to
be compared simultaneously.
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Figure II.1: Basic setup of FF2CI.
The advantages of the FF2CI approach are the intrinsic level of compensation for en-
vironmental perturbations that have an effect on RI such as temperature and source wave-
length stability. In my studies I have found that the FF2CI is reasonably effective at elimi-
nating long term drift due to environmental temperature changes. Importantly this thermal
drift suppression is entirely passive and obtained without the aid of any special computer
processing, as was required in dual capillary back-scattering interferometry (13). Because
the two channels are illuminated by the same source, the FF2CI instrument also compen-
sates for signal drift caused by instability in a laser’s wavelength.
Another major advantage of the unique optical design is an interference pattern of
fringes that are highly periodic and predominantly a single spatial frequency. This prop-
erty enables the use of numerous position sensing approaches and algorithms, such as the
fast Fourier transform (FFT) as well as signal averaging methods to improve S/N ratio for
analysis. I show here that the new approach to nano-scale interferometry can be used for
measurement of changes of RI in bulk fluid at a sensitivity level which enables application
to chemical and biochemical assays.
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II.2 Instrument Configuration
A single beam of light produced from a HeNe laser(λ=632.8 nm) was used to illumi-
nate two closely spaced channels in a glass microfluidic chip. Light exiting each channel
interfered with light from the adjacent channel creating an interference pattern (Figure II.6).
The position of the interference fringes were monitored using a linear array CCD (Ames
Photonics), that in turn transferred the data to a computer for analysis. All experiments
were performed without active temperature control (Figure II.1).
II.2.1 Laser Parameters
The laser used was an unstabilized, linearly polarized, 5mW HeNe laser (25-LHP-
151-249 Melles Griot) producing monochromatic light at a wavelength of 632.8 nm. The
laser beam was subsequently collimated using a single-mode fiber coupler (OZ Optics)
producing an homogenized, collimated beam with a spot size of 600 µm. The energy profile
of the beam had a Gaussian distribution.
II.2.2 Microfluidic Chip Parameters
The glass chip (Figure II.2) used for experiments was designed and produced by Dolomite
Microfluidics. The chip overall dimensions of 45 mm by 15 mm and a thickness of 4 mm.
The channels were positioned 2 mm from the top surface of the chip and had dimensions
of 50 µm in height and 150 µm in width. The spacing, from the centers of the channels was
230 µm resulting in a separation of 80 µm between the edges.
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Figure II.2: Picture of microfluidic chip including diagram of channel cross-section.
The chip was attached by gluing the provided chip interface onto an aluminum block,
so that the chip could be placed perpendicularly to the plane of the aluminum block. The
chip was then placed inside this holder and secured with its provided connectors into the
holder. In order to make small adjustments to the chip’s alignment or position in both the x
and y axis, the aluminum block was connected to two linear translation stages (Newport).
II.2.3 Sample Introduction
Sample fluid was introduced into each channel in the following manner. A manufacturer
provided connector for the chip and a seal made from FKM fluoroelastomer was used to
interface fluorinated ethylene propylene (FEP) tubing to the inlet of each channel of interest
(Figure II.3). Unused channel inlets were sealed using FEP plugs.
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Figure II.3: Cross-section view of tubing interface with microfluidic chip (55).
The tubing for each channel was then attached to a port on a four port internal sample
injection valve (Valco). Fill ports (Valco) allowed for a syringe to be used to introduce fluid
into the separate channels (Figure II.4).
Figure II.4: Valve configuration for sample introduction.
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It is important to note that the chip used in the experiments featured channels which
all converged into a single channel near the end of the chip. In order to consistently make
injections, it was required to inject fluid into both channels simultaneously. This procedure
prevented fluid from one channel of interest from entering the other channel of interest,
but made the operation of the instrument quite a bit more difficult. In future experiments
it would be necessary to design a chip in which the channels of interest were completely
segregated from one another and did not converge.
II.2.4 Measuring Fringe Shift
The position of the fringes is measured by using a fast Fourier transform (FFT) analysis
using software written in LabView. Briefly, an integration window is selected containing a
number of interference fringes (approximately ten fringes), a FFT is then performed for the
selected window and a frequency vs. power spectrum in displayed (Figure II.5). Then to
quantify the position of the fringes, the dominant frequency is then selected and the phase
of that frequency is monitored. In Figure II.5, the top window shows the intensity per
pixel of the linear CCD array. The yellow and red cursors show which series of pixels are
being further analyzed in the lower window. The lower window shows the FFT frequency
spectrum. As the fringes in the selected window move spatially, the phase of the dominant
frequency adjusts correspondingly In Figure II.5, the top window shows the intensity per
pixel of the linear CCD array. The dominant frequency is then selected using the white
cursor and the phase of this frequency is monitored.
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Figure II.5: Selected window and fast Fourier transform as shown in LabView data collec-
tion program.
II.3 Interference Pattern Analysis
II.3.1 Beam interference between two adjacent parallel channels
Figure II.6: Interference fringes produced in a forward scattering configuration.
A single laser is used to illuminate two separate and adjacent channels in a microfluidic
chip. The channels have nearly identical dimensions (δ=1 µm). In the case described here,
the channels are fluid-filled, but this interferometer can also be used to interrogate gases
or moderately scattering media such as a chromatographic stationary phase. When the
coherent radiation passes through each channel of nearly equal pathlength and emerges the
interference patterns are made to overlap and interfere with each other. The resulting light
pattern is depicted in Figure II.6.
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Figure II.7: Image of interference fringes and line profile of fringes collected by linear
CCD array.
Figure II.7 illustrates that the fringes produced in this unique configuration have a pre-
dominant, high spatial frequency component and a lower one at about 110 frequency. I focus
on those fringes that have a nearly single spatial frequency. Noteworthy that these inter-
mixed fringes have a much different energy distribution than that produced from a single
channel or capillary tube (Figure II.8). Advantages of this optical train include simplic-
ity and sample-reference comparison with environmental compensation. With reference to
Figure I.3 it can be seen that the FF2CI is optically similar to a double slit experiment, and
should allow me to, use the theory for this classical experiment to describe it. Thus, I will
show the position of interference fringes resulting from the interaction of the two individual
channels, can be predicted reasonably well using the double slit formula shown in Equation
II.1.
d sinθ +(δL−δR) = mλ (II.1)
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In Equation II.1, d is equal to the distance between the centers of the two channels, θ
is equal to the scattering angle, λ is the wavelength of scattered light, m is an integer, and
the effective optical path length passing through the left and right channels are δL and δR
respectively. The effective optical path length can be approximated using Equation II.2.
δ = n∗ l (II.2)
In Equation II.2, n is the RI of the fluid contained in a channel and l is the channel height.
Assuming that l, the channel height, is the same for both channels, the double slit formula
can be rewritten as Equation II.3.
d sinθ +(nL−nR)l = mλ (II.3)
Using Equation II.3 and a fixed wavelength, it is possible to predict the theoretical po-
sitional shift of the interference fringes based on the difference of RI of the fluid contained
in the adjacent channels.
II.3.2 Fringe Spacing Analysis
The interference pattern produced from the two channels features fringes which are very
evenly spaced and feature more rapid spatial oscillations than a single channel or capillary
interferometer would produce (Figure II.6). The optical configuration lends itself to being
described as the classic double slit experiment, allowing the position of the fringes to be
predicted by the double slit formula (Equation II.3). Using the distant screen assumption,
sinθ = yD in which y is the distance between the maximas of two adjacent fringes, and D
is the distance from the channels to the detector screen By adjusting Equation II.3 using
the distant screen assumption, it can be rewritten as Equation II.4 to determine the spacing
between fringes.
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y≈ mλD
d
(II.4)
In this equation, y is the spacing between fringes, λ is the wavelength of the scattered
light, d is the spacing between the centers of the two channels, and D is the distance from
the channels to the detector. Using this equation, and the fringe pattern shown in Figure II.6
I calculated that the spacing between the centers of adjacent channels to be 223 µm. This
value compares well with the expected value of 230 µm. The 7 µm discrepancy represents
a percent error of 3%.
II.3.3 Neighboring channel effect on interference pattern
The interference pattern produced from illuminating two adjacent channels produces
an interference pattern with a highly periodic frequency that it is profile, however it was
observed that the intensity of the fringes are not uniform. It appears as though there is a low
frequency carrier that is also contributing to the overall fringe pattern and I postulate that it
is caused by interference from an adjacent object (channel) mixing with the two channels
of interest. To test this, two interference patterns were collected. The first was produced by
a laser illuminating two fluid-filled channels that were adjacent to one another. The second
interference pattern was produced by illuminating a single fluid filled channel on the same
chip which is parallel to the two closely spaced channels. When the resulting interference
patterns are overlaid as shown in the Figure II.8, the single channel interference pattern
almost traces the observed peak intensity trend observed in the two channel experiments.
This observation is an unintended consequence that results from physical proximity of the
channels on the chip and could be avoided, or eliminated by using a chip with only two
closely spaced channels.
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Figure II.8: Interference patterns produced by illumination of single channel (orange) and
two channels (blue).
II.3.4 Sensitivity of interference patterns to a change in solution RI
Experiments were performed in both water and phosphate buffered saline (PBS). These
two fluids have a significant difference in RI with phosphate buffered saline having a higher
RI by ∆n = 2x10−3 RIU compared to water across all wavelengths (56). When using tra-
ditional BSI, this large of a shift in RI requires that the camera be realigned to collect
the correct interference fringes. However, since this instrument is a difference measure-
ment between two adjacent channels, the phase outputs are comparable when the fluids are
matched, whether water or PBS (Figure II.9).
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Figure II.9: Fringe pattern produced by PBS (blue) or water (orange) filled channels in
selected window.
II.4 Response to changes in refractive index
As shown in Figure II.10, the device can measure the time dependent difference in
RI of fluids in two parallel channels. Initially, both channels were filled with water, the
instrument is balanced giving a difference in RI of zero, ∆n = 0 RIU. After one minute,
20mM glycerol was injected into the left channel (∆n=2.08x10−4 RIU) causing a signal
in the positive direction. Next, water was replaced in the left channel. This restores the
signal to the baseline value as expected for a difference measurement. When a sample of
20mM glycerol was injected into the right channel (∆n = −2.08x10−4 RIU) the position
of the fringes move resulting in a signal going in the negative direction. The observation
of directionality can be explained by Equation II.3. Lastly, when 20mM glycerol was
injected into the left channel (∆n= 0 RIU), matching the RI in the two channels, the signal
returned to the baseline value showing that the instrument is reporting the difference in
optical pathlength for the two channels.
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Figure II.10: Phase response to RI changes in both channels.
II.5 Analytical performance
Calibration curves were produced using glycerol solutions at concentrations of 2, 5,
10, and 20mM glycerol in either PBS or water. To determine the relative sensitivity of the
channels, and thus the level of compensation possible with the instrument, sample solutions
were introduced into one of the channels while the adjacent channel was filled with the
appropriate reference fluid (water or PBS). This experiment was repeated for both channels.
Each sample was measured from lowest to highest concentration reestablishing the baseline
after each measurement to complete one trial. This was repeated until three trials had been
completed (Figures II.11 and II.12).
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Figure II.11: Glycerol calibration in water.
For glycerol solutions in water, the sensitivity of the left channel was 558 radRIU and
the sensitivity of the right channel was 533 radRIU . The limit of detection was calculated
by averaging the short term noise of all measurements taken then multiplying by three
(3σ ). The 3σ noise level was then divided by the slope (sensitivity) of the instrument.
The LOD for the left and right channels were 1.61mM (∆n=1.67x10−5 RIU) and 1.65mM
(∆n=1.72x10−5 RIU) respectively. The limit of quantification (LOQ), the reproducibility,
was calculated by determining the standard deviation of replicate measurements then cal-
culating the average. Three times this average was then divided by the slope (sensitivity) to
determine the LOQ. The LOQ for the left and right channels were 1.19mM (∆n=1.24x10−5
RIU) and 1.26mM (∆n=1.31x10−5 RIU) respectively (Table II.1). Traditional BSI has a
limit of quantification of approximately 0.3mM glycerol, a RI change of 3.12x10−6 RIU.
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Table II.1: Summary of the instrument performance for water.
Channel Limit of Detection Limit of Quantification
Left 1.61mM (1.67x10−5 RIU) 1.19mM (1.24x10−5 RIU)
Right 1.65mM (1.72x10−5 RIU) 1.26mM (1.31x10−5 RIU)
Figure II.12: Glycerol calibration in PBS.
For glycerol solutions in PBS, the sensitivity of the left channel was 512 radRIU and the
sensitivity of the right channel was 482 radRIU . The limits of detection and quantification
were calculated in the same manner as previously described for water. The limits of de-
tection for the left and right channels were 1.61mM (∆n =1.67x10−5 RIU) and 1.80 mM
(∆n=1.87x10−5 RIU) respectively. The limits of quantification for the left and right chan-
nels were 1.35mM (∆n=1.40x10−5 RIU) and 0.79mM (∆n=8.28x10−6 RIU) respectively
(Table II.2).
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Table II.2: Summary of instrument performance for PBS.
Channel Limit of Detection Limit of Quantification
Left 1.61mM (1.67x10−5 RIU) 1.35mM (1.40x10−5 RIU)
Right 1.80mM (1.87x10−5 RIU) 0.79mM (8.28x10−6 RIU)
II.6 Predicting the theoretical RI sensitivity for the FF2CI
One metric for evaluating the new device is to compare the predicted path length sen-
sitivity of a two-slit experiment to that obtained from the real chip. Here I calculate the
expected performance based upon Equation II.5. As the light travels in the channels over
a longer path length, there will be a larger fringe shift and thus, greater sensitivity to RI
changes of the medium contained in the channel. The sensitivity can be predicted using
Equation II.5 for forward scattering configurations.
φ
∆n
=
2pi ∗ l
λ
(II.5)
Figure II.13: Diagram of microfluidic chip showing channel separation, d, and pathlength,
l.
For forward scatter configurations, as shown in Figure II.1 where the detector is col-
lecting fringes passing the object. In this configuration the light is predicted to experience
a single pass through the channels. If this is the case, the channel height, or capillary inner
diameter, can be used for l in Equation II.5. Upon applying this relationship it is possible to
predict the RI sensitivity of the FF2CI for a range of channel heights. The results of these
calculations are presented in Figure II.14.
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Figure II.14: Expected sensitivity based on height of channels using Equation II.5.
For our purposes, the results show that our device, with a microfluidic chip containing
channels 50 µm in height, would have a predicted sensitivity of 496 radRIU . Simply, for every
micron in channel height, the predicted RI sensitivity is about 10 radians per RIU.
II.7 Calculation of optical pathlength
For the left channel the calculated path lengths based on the calibration curves were
56.2 µm in water and 51.6 µm in PBS. For the right channel the calculated path lengths
based on the calibration curves were 53.7 µm in water and 48.6 µm in PBS. The path length
of the channels was calculated based on the following approximation which was given in
Equation II.5. The pathlength was calculated by first finding the sensitivity ( radRIU ) for each
channel, and substituting the value for φ∆n . Knowing the wavelength of the laser used,
632.8 nm, the optical pathlength, l, can be solved for. For reference, the given dimen-
sions of the channel based on product information state that the height of the channels is
50 µm. The average pathlength for each channel using the PBS calibration data is 50.1 µm,
a percent difference of 0.2% from the expected value of 50 µm.
Some work has also been done with this instrument using two fused silica capillaries
instead of a microfluidic chip as a sample holder (57). When using the forward scattered
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fringes, the expected sensitivity for each device can be closely approximated based on the
dimensions of the channels or capillaries.
Table II.3: Comparison of actual and predicted sensitivity of devices.
Capillary Device Microfluidic Chip Device
Channel Height/ Capillary ID 250 µm 50 µm
Expected Sensitivity 2482 radRIU 496
rad
RIU
Actual Sensitivity 2307 radRIU 497
rad
RIU
Percent Difference 7% 0.2%
II.8 Difference in sensitivity between channels
In both calibration curves, the left channel displayed a higher sensitivity to RI changes
than the right channel (Table II.4). In water, the left channel had a higher sensitivity by
24.8 radRIU . In PBS, the left channel had a higher sensitivity by 29.8
rad
RIU . The difference in
sensitivity of the two channels can arise from two sources: differences in alignment and/or
the physical dimensions of the two channels.
Table II.4: Difference in sensitivity between channels.
Left Sensitivity radRIU Right Sensitivity
rad
RIU Difference
rad
RIU
Water 558.0 533.2 24.8
PBS 512.6 482.8 29.8
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For the two channel concept to be successful to perform compensation, the two channels
need to have a response function that is nearly identical. Thus when one responds to a
temperature change the other must do so similarly to achieve compensation. Based on
the pathlength equation, Equation II.5, a simple substitution can be made to predict the
difference in response functions based on channel dimensions.
φ
∆n
=
2pi ∗∆l
λ
(II.6)
Equation II.6 shows the difference in sensitivity between channels if their physical di-
mensions do not match. ∆l represents the difference in channel height between two chan-
nels. If the heights of the channels differ by one micron, the two channels will differ in
sensitivity by approximately 10 radians per RIU. Figure II.15 shows the calculated differ-
ence in sensitivity between channels if the channel heights are not equal.
Figure II.15: Expected difference in sensitivity between channels caused by difference in
channel height. Calculated using Equation II.6.
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Based on chip manufacturer product information, the largest difference between the
height of two channels in the chip used for these experiments is about 1 µm and the change
in height along the length of a channel is 0.25 µm. Because the calculated difference in path
lengths was 2.50 µm in water and 3.01 µm in PBS, I postulate that sensitivity differences
between the channels is due to alignment to a greater extent than size.
II.9 Use of a low pass frequency filter to improve the LOD
One method to lower the limit of detection for a measurement is to filter the data.
This is possible when the signal produced as a frequency that is discrete and separated
from the noise at higher or lower frequencies. A low pass filter works by rejecting signal
that has a higher frequency than a user defined threshold, allowing only signal below a
certain frequency to be passed through for further analysis. By using this filter, some high
frequency noise can be eliminated reducing short term noise considerably (Figure II.16)
and improving the limit of detection. Figure II.16 shows the effects of filtering data. The
orange trace which is unfiltered data has a higher amount of short term noise than the same
data filtered shown in the blue trace.
For the glycerol curve done in PBS, a filter with a one second time constant was applied,
improving the limit of detection by 33% for the left channel (1.61mM to 1.07mM). A
similar level of performance improvement was realized for the right channel (34%), with
the LOD dropping from 1.80mM to 1.18mM.
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Figure II.16: Phase of filtered signal (blue) overlaid on phase of unfiltered signal (orange).
II.10 Compensation
To achieve the best compensation from sources of noise such as temperature, pressure,
and wavelength changes; the left and right channels need to have nearly identical in sen-
sitivity. If the channels do not respond equally to the same change in RI caused by the
environment, namely temperature, the result will be a phase shift. The closer the sensitivity
of the two channels, the more this is mitigated.
The level of compensation can be calculated by taking the difference between the slopes
of the calibration curves. For the calibration curves performed, the difference was approx-
imately 25 radRIU . Without temperature stabilization, the 3σ noise level is 1.7x10
−5 RIU.
Based on the sensitivity of each channel and the short term noise of the instrument, any
change in RI to both channels that is lower than 3.6x10−4 RIU would be undetectable. The
RI of water changes by approximately 1x10−4 RIU◦C . This means that a change in temperature
of three degrees Celsius should be undetectable by the instrument.
If channels are used which have a greater channel height, each channel may exhibit
greater sensitivity. To achieve the same level of compensation under the assumption that the
short term noise for each system is the same, the percent difference of sensitivity between
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each channel must decrease. For example, if the sensitivity of each channel increased by
five times then the minimum temperature change that would be detected would decrease
by five times.
II.11 Conclusion
The device is capable of measuring changes in RI to a part in 10−6 RIU. The sensitivity
of the device could be easily improved by increasing the height of the channels which
are used. Further work could be done into the possible effects of different using different
channel geometry. Potential noise may even be reduced by designing a system which could
actively control the temperature of the chip. With further refinement this device has the
potential to be used in a variety of biochemical assays as a sample-reference configuration.
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CHAPTER III
Future Work
There a number of aspects of the FF2CI which can be improved to provide better per-
formance. In the next sections, future work that could be done in order to improve the
device is discussed.
III.1 Microfluidic Chip Design
The microfluidic chip used in chapter two featured channels which converged into a sin-
gle outlet. With this configuration it is possible that fluid from one channel could be pushed
into the other channel which would adversely affect the measurement. If the channels were
segregated with each having an independent inlet and outlet, fluid from the channels would
not mix.
Some more work can be done in regards to the channel geometry used in the chip. Most
importantly, the height of the channels can be adjusted which should have an impact on the
sensitivity of the device to RI changes. By making the channel height larger, the device
should be able to measure smaller changes in refractive index, easily reaching a level of
∆n = 10−6RIU and lower. By increasing the sensitivity to refractive index, the platform
would have more ability to measure binding events between proteins which may not give
as large of a signal which can currently be detected.
Currently, the chip in use features channels which can best be described as rectangles
with rounded edges on each side. The laser currently hits the flat side of these channels. It
may be interesting to see how a completely square or rectangular channel would perform
as well as circular or semicircular channels.
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III.2 Alignment
Currently alignment is performed using two translational stages to allow for fine move-
ments in the x and y axis. Not to be overlooked is the angle at which the laser strikes the
surface of the chip. I postulate that for the best alignment, and therefore the best sensitivity,
the incoming laser needs to strike at an angle as close to normal of the surface of the chip.
To allow for more precise control of the alignment it could be beneficial to place the chip
on top of a stage that allows for the rotation of the chip with respect to the incoming laser
beam.
It may also be beneficial to change the intensity profile of the beam. The current device
uses a beam featuring a Gaussian profile. It may be easier to align the device if the beam
featured a top hat profile in which a wider portion of the beam profile has a uniform inten-
sity. If the laser beam does not interact with each channel in the same manner such as angle
of incidence or intensity, then essentially two different interferometers have been produced
from each channel with each having its own unique characteristics.
III.3 Potential uses of the FF2CI
The FF2CI has the potential to measure binding events between molecules which through
changes in conformation, charge distribution, and hydration cause a change of the RI of the
fluid that they are contained in. Dependent upon sensitivity, the devices have the potential
to measure binding on a number of biological systems including protein-protein interac-
tions, protein-antibody interactions, and protein-small molecule interactions. The device
could be used for a variety of applications include Kd determination, biomarker validation,
and for disease diagnosis.
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